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A B S T R A C  T
The olfactory epithelium of fish includes three main types of olfactory sensory neurons (OSNs). Whereas ciliated 
(cOSNs) and microvillous olfactory sensory neurons (mOSNs) are common to all vertebrates, a third, smaller 
group, the crypt cells, is exclusive for fish. Dissolved pollutants reach OSNs, thus resulting in impairment of the 
olfactory function with possible neurobehavioral damages, and nickel represents a diffuse olfactory toxicant. We 
studied the effects of three sublethal Ni2+ concentrations on the different OSN populations of zebrafish that is a 
widely used biological model. We applied image analysis with cell count and quantification of histochemically-
detected markers of the different types of OSNs. The present study shows clear evidence of a differential re-
sponses of OSN populations to treatments. Densitometric values for Gα olf, a marker of cOSNs, decreased com-
pared to control and showed a concentration-dependent effect in the ventral half of the olfactory rosette. The 
densitometric analysis of TRPC2, a marker of mOSNs, revealed a statistically significant reduction compared to 
control, smaller than the decrease for Gα olf and without concentration-dependent effects. After exposure, ol-
factory epithelium stained with anti-calretinin, a marker of c- and mOSNs, revealed a decrease in thickness while 
the sensory area appeared unchanged. The thickness reduction together with increased densitometric values for 
HuC/D, a marker of mature and immature neurons, suggests that the decrements in Gα olf and TRPC2 im-
munostaining may depend on cell death. However, reductions in the number of apical processes and of antigen 
expression could be a further explanation. We hypothesize that cOSNs are more sensitive than mOSNs to Ni2+ 
exposure. Difference between subpopulations of OSNs or differences in water flux throughout the olfactory cavity 
could account for the greater susceptibility of the OSNs located in the ventral half of the olfactory rosette. Cell 
count of anti-TrkA immunopositive cells reveals that Ni2+ exposure does not affect crypt cells. The results of this 
immunohistochemical study are not in line with those obtained by electro-olfactogram.
1. Introduction
The olfactory organ of fish is in direct contact with the environ-
mental water, therefore dissolved chemical pollutants can directly af-
fect neurological functions of olfactory sensory neurons (OSNs)(Laberge 
and Hara, 2001; Sorensen and Caprio, 1998; Tierney et al., 2010; 
Zielinski and Hara, 2006).
Different types of fish OSNs can be distinguished by morphological 
characteristics and their response to particular odors (Hansen et al., 
2003; Zielinski and Hara, 2006). Vertebrates possess two main types of 
OSNs, ciliated (cOSNs) and microvillous olfactory sensory neurons 
(mOSNs) (Eisthen, 1992; Zielinski and Hara, 2006). In fish belonging to 
elasmobranchs, cladistians and teleosts an additional group of OSNs
was described, the crypt cells (Ferrando et al., 2006, 2007, 2011; 
Hansen and Finger, 2000). Bundles of OSN axons constitute the olfac-
tory nerve that enters the olfactory bulb of the telencephalon in which 
they form synaptic contacts with dendrites of mitral cells and local 
interneurons in the glomerular layer (Hamdani and Døving, 2007).
OSNs show different olfactory signaling pathways. cOSNs and crypt 
cells have a cAMP-mediated olfactory signaling pathway, whereas 
mOSNs possess an IP3-based pathway. The response of specific classes of 
OSNs to specific odors can be determined by exploiting differences in 
these pathways (Hansen et al., 2003; Kolmakov et al., 2009; Laframboise 
and Zielinski, 2011; Michel et al., 2003; Rolen et al., 2003). For 
example, a histological technique has demonstrated the specific action 
of taurocholic acid on cOSNs (Bazáes and
⁎ Corresponding author at: Department of Biological, Geological and Environmental Sciences, University of Bologna, Via Selmi 3, 40126, Bologna, Italy.
E-mail address: maurizio.lazzari@unibo.it (M. Lazzari).
1 These two authors are co-first authors of the paper.
T
total length, purchased from the Coral Aquarium, Bologna, Italy. 
Acclimatization took place in tanks containing dechlorinated tap water 
and distilled water (1:2) for one month, at 25 °C in a 12:12 h light-dark 
cycle. They were fed twice a day by an automatic fish feeder. All pro-
cedures followed the guidelines of European Community Council 
Directive (86/609/CEE), the current Italian legislation on the use and 
care of animals, and the guidelines issued by the US National Institutes of 
Health. Ethical approval of this study was obtained from the Scientific 
Ethics Committee of the University of Bologna (protocol no. 
17/79/2014).
2.2. Nickel exposure
In the US EPA ECOTOX database (http://cfpub.epa.gov/ecotox/), the 
LC50 for nickel chloride measured in adults and juveniles exposed for 48 
h was > 10 mg L−1. In the present study, three nickel ion con-
centrations, supposed to be sub-lethal, were prepared from nickel 
chloride hexahydrate (Merck, Darmstadt, Germany) dissolved in accli-
matization water: low quantity (LQ), 0.4 mg L−1 of nickel chloride 
hexahydrate, corresponding to 0.1 mg L−1 of Ni2+; medium quantity 
(MQ), 2 mg L−1 of nickel chloride hexahydrate, corresponding to 0.5 mg 
L−1 of Ni2+; high quantity (HQ), 4 mg L−1 of nickel chloride 
hexahydrate, corresponding to 1 mg L−1 of Ni2+. The concentrations of 
0.5 mg L−1 correspond to the environmentally relevant nickel level used 
by Macomber et al. (2011); 0.1 mg L−1 and 1 mg L−1 are five times lower 
and two times greater, respectively. These values partially correspond to 
Ni 2+ concentrations used by Dew et al. (2014) in their 
electrophysiological and behavioral study (0.05, 0.1, and 0.5 mg L−1 of 
Ni 2+). These authors drew attention to environmental relevance of these 
Ni2+ concentrations since these values are able to alter olfaction of fish 
and consequently their behavior in the environment. The Ni2+ 
concentration of 1 mg L-1, still lower than LC50 (> 10 mg L−1 Ni2+; US 
EPA ECOTOX database, http://cfpub.epa.gov/ecotox/), can be found in 
case of extensive but still sub-lethal nickel pollution. In the wild, the 
concentrations of such ions can range in a wide interval, although usually 
at lower scale than the concentrations we used in this study. The choice 
we did was based on LC50 values and on what was reported in Dew et al. 
(2014), thus to consider concentrations at which an ob-servable damage 
was likely produced, although keeping the parameter at a sublethal level. 
Ten fish were transferred into each of three 10 L tanks containing 0.1, 
0.5, and 1 mg L−1 of Ni2+. Employing a static/renewal system, fish were 
transferred to new tanks containing freshly prepared Ni2+ solutions 
every 24 h. The olfactory toxicity of the 3 nickel ion concentrations was 
evaluated in fish sacrificed after standard 4-day (96 h) exposure, 
according to common use in acute toxicity tests. Ten control fish were 
maintained in acclimatization water, changed every 24 h. Control 
animals were sacrificed at the same time as treated fish. The water 
parameters of acclimatization, treatment, and control tanks were 
monitored. Their representative values are reported in Table 1.
2.3. Tissue
Fish were anesthetized with 0.1% 3-aminobenzoic acid ethyl ester 
(MS-222, Sigma, St. Louis MO, USA) dissolved in Ni2+ containing water 
(treated specimens) or acclimatization water (controls) and killed by 
decapitation. The dorsal cranium was quickly removed, and then the 
heads were immersion-fixed in a modified Bouin’s fixative solution 
composed of saturated aqueous solution of picric acid and formalin, ratio 
3:1, for 24 h at room temperature.
After fixation, picric acid was removed by long washing in fre-quently 
renewed 0.1 M phosphate buffer. The heads were decalcified in 0.25 M 
EDTA in 0.1 M phosphate buffer, pH 7.4, for 9 days at room temperature, 
dehydrated and then embedded in Paraplast Plus (Leica Biosystems, 
Richmond, IL, USA; melting point 55–57 °C). Five μm-thick serial frontal 
sections were collected on silane-coated slides (Sigma).
Schmachtenberg, 2012; Døving et al., 2011; Vielma et al., 2008). 
Moreover, changes in the response of OSNs to specific odors can be used 
to determine how a certain contaminant affects a specific type of OSNs 
(Dew et al., 2014, 2016).
Freshwater ecosystems are heavily affected by discharge of do-
mestic, industrial and agricultural wastewaters (Katagi, 2010; Klečka et 
al., 2010; Schwarzenbach et al., 2010). Therefore, an efficient 
monitoring should identify quickly environmental modifications that 
require a rapid reaction. Fish have been recognized as particularly 
suited organisms for environmental biomonitoring due to some of their 
characteristics, including biodiversity, health conditions and popula-
tion structure (Chua et al., 2018). Fish have also become a system of 
choice for in vivo and in vitro toxicity tests (Cardwell et al., 1976; Kollár 
et al., 2018). Normal embryo conditions, including embryo growth, egg 
hatchability, survival, gene expression and DNA damage represent 
other monitoring criteria in fish (Boran and Şaffak, 2018; Lammer et al., 
2009a, b). Many metals are neurotoxic chemicals present as 
contaminants in the aquatic environment and they can affect che-
mosensory functions, causing “info-disruption” (Lürling and Scheffer, 
2007) and severe decline in olfaction in vertebrates (Baldwin et al., 
2011; Bondier et al., 2008, Hentig and Byrd-Jacobs, 2016). In fish, some 
metals can cause severe neurobehavioral damages ranging from slight 
alterations to loss of olfactory-controlled behaviors that are basic to 
survival (Baldwin et al., 2003; Dew et al., 2014, 2016; Hentig and Byrd-
Jacobs, 2016; Sandahl et al., 2007; Scott et al., 2003).
Human activities, including agriculture, urban life and industry, 
have been identified as the main sources of nickel found in waters 
(Tiller, 1989). Increased levels of nickel in waters can be harmful to 
animals, humans included (Alam et al., 2008; White et al., 2016). As a 
diffusible contaminant, nickel is found in urban runoff at a low con-
centration (2–37 μg/L; Soller et al., 2005). Nickel is a diffusible neu-
rotoxic agent exerting its effect on fish olfaction (Dew et al., 2014; 
Giattina et al., 1982; Lari et al., 2018; Tierney et al., 2010). The me-
chanisms by which nickel affects olfaction are still under investigation 
(Calderón-Garcidueñas, 2015; Dew et al., 2014, 2016; Tierney, 2016; 
Topal et al., 2015).
This work is aimed at studying the histopathological reactions in the 
three different types of OSNs, ciliated, microvillous and crypt neurons, 
in zebrafish exposed to sub-lethal concentrations of nickel ions (Ni2+). 
Neuronal responses to Ni2+ exposure were evaluated by means of image 
analysis quantification of neuronal markers detected by im-
munohistochemical staining. Possible resultant electrophysiological or 
behavioral changes will deserve subsequent extensive investigation.
The current literature includes data about toxicity in different spe-
cies, of different metals and under different experimental conditions; 
this multiplicity of experimental set-ups makes a comparisons quite 
difficult (Azizishirazi et al., 2013; Song et al., 2015; Tierney et al., 2010; 
Wang et al., 2013a). The present research was conducted on the 
freshwater fish Danio rerio, zebrafish, which is worldwide used for ge-
netic, embryological and neurological studies. The use of zebrafish in 
toxicity evaluation relies on its significant advantages as a model or-
ganism, including reduced housing costs and small size of specimens 
that permits quantitative analysis on a reduced number of tissue slices 
(Hill et al., 2005; Miyasaka et al., 2013; Segner, 2009). The choice of 
zebrafish also depends on its broad use in the study of the olfactory 
system, histologically comparable to that of other vertebrates (Tierney 
et al., 2010), and the possibility to clearly characterize the cells con-
stituting its olfactory neuroepithelium by immunological approaches 
(Braubach et al., 2012; Gayoso et al., 2011; Germanà et al., 2007).
2. Materials and methods
2.1. Animals
The study was carried out on 40 adult zebrafish (Danio rerio, Hamilton, 
1882) including males and females, 6–8 months old and 4 cm
Adjacent slides were used for immunohistochemical detection.
2.4. Immunohistochemistry
Detailed method is reported in Lazzari et al. (2016). After depar-
affinization and rehydration, sections were incubated separately with 
five primary antibodies, in a moist chamber on a floating plate at 4 °C 
overnight: a) rabbit polyclonal anti-calretinin (AB5054; Chemicon In-
ternational, Temecula, CA, USA; used dilution 1:1,000) that in zebrafish 
detects a heterogeneous population of ciliated and microvillous olfac-
tory neurons (Bettini et al., 2016); b) rabbit polyclonal anti-Gα olf 
(sc-385; Santa Cruz Biotechnology, Santa Cruz, CA, USA; used dilution 
1:500), a marker for ciliated olfactory neurons (Braubach et al., 2012; 
Gayoso et al., 2011); c) rabbit polyclonal anti-transient receptor po-
tential cation channel, subfamily C, member 2 (anti-TRPC2; LS-C95010; 
LifeSpan BioSciences, Seattle, WA, USA; used dilution 1:200), a marker 
for microvillous olfactory neurons (Bettini et al., 2016); d) rabbit 
polyclonal anti-tyrosine protein kinase A (anti-TrkA; sc-118; Santa Cruz 
Biotechnology; used dilution 1:100), a marker for crypt olfactory cells in 
zebrafish (Ahuja et al., 2013; Bettini et al. 2016); e) mouse mono-clonal 
anti-human neuronal protein HuC/HuD (anti-HuC/D; Clone 16A11; 
A-21271; Molecular Probes, Eugene, OR, USA; used dilution 1:100), a 
nuclear marker of immature and mature neurons (Bettini et al., 2016; 
Iqbal and Byrd-Jacobs, 2010). Anti-TRPC2 is specific against zebrafish 
antigens. All the other antibodies used in the present study were 
previously successfully tested on zebrafish olfactory organ by other 
authors. Incubation of the sections in the secondary antibody was 
carried out for 1 h 30 min at room temperature: HRP-conjugated goat 
anti-rabbit IgG (PI-1000; Vector Laboratories, Burlingame, CA, USA; 
used dilution 1:100) for polyclonal primary antibodies, and HRP-
conjugated goat anti-mouse IgG (A4416; Sigma; used dilution 1:100) for 
monoclonal primary antibody. The immunoreaction was revealed with 
0.1 % 3,3-diaminobenzidine (DAB; Sigma) as substrate. Sections were 
then dehydrated in ethanol, diaphanized in xylene and cover-slipped 
with Permount (Fisher Scientific, Pittsburgh, PA). Positive controls were 
obtained from sectioned control fish. Negative controls for the 
specificity of the immunostaining were realized with 3% normal goat 
serum as substitution for primary antibodies.
2.5. Image acquisition, quantification and statistical analysis
An Olympus BH-2 microscope (Olympus Italia, Segrate, Italy) 
equipped with a BEL BlackL 5000 digital camera (BEL Engineering,
Monza, Italy) was used as bright-field image acquisition system for 
tissue sections. All images were obtained in the same light conditions. 
Adobe Photoshop CS3 (Adobe Systems, San Jose, CA, USA) was em-
ployed in micrograph assembly. Image processing, including rotation, 
resizing (reshaping), addition of bars, letters and symbols, and contrast 
and brightness adjustment was carried out without content alteration. 
ImageJ 1.50 g software (https://imagej.nih.gov/ij/) was employed in 
measurements restricted to the sensory region of lamellae, easily dis-
tinguishable from non-sensory regions by their immunostaining pat-
tern. See Lazzari et al. (2017) for details in measurements in the sec-
tions treated with the different antibodies.
In sections exposed to anti-calretinin antibody, thickness measure-
ments extended from the epithelial basal lamina to the apical surface, 
excluding cilia and microvilli. In each section, three epithelial thickness 
values were calculated from each of three random lamellae and the nine 
measurements were averaged. Sensory and non-sensory epithelial areas 
were easily distinguishable due to both presence of long cilia on the 
surface of non-sensory areas and labelling pattern. The sensory/non-
sensory area ratio was calculated in three lamellae per section and 
averaged.
Physical disector method (Bettini et al., 2016) was employed for 
evaluating the densities of TrkA-positive cells. In serial pairs of sections, 
only the cells that appeared in the first section of the pair, but not in the 
second one, were counted. Cell numbers were evaluated in three la-
mellae per section using the Cell Counter plugin of ImageJ and aver-
aged.
It was very difficult to count positive cells in anti-Gα olf, anti-TRPC2 
and anti-HuC/D immunolabeled sections, since anti-Gα olf and anti-
TRPC2 immunostaining appeared in limited cytoplasmic portions, while 
anti-HuC/D immunopositive cells were too tightly aggregated. In these 
conditions, we evaluated the immunostaining intensity by Optical 
Density (OD), which was estimated as an indirect index of the number of 
immunopositive cells in a specific lamellar area. Adopting the method of 
Iqbal and Byrd-Jacobs (2010), the ODs of three lamellae per section 
were calculated and averaged. Average grey values of sensory regions 
and background unstained areas of the olfactory lamellae were obtained 
by ImageJ analysis. Finally, the following formula was ap-plied: OD = 
log (background grey value/ROI grey value), where ROI is the sensory 
region of interest.
For each antibody, mean values of fish groups were compared using 
ANOVA and LSD post hoc test. Data were reported as mean values ± 
standard errors in bar graphs created by Excel 2013 (Microsoft 
Corporation, Redmond, WA).
3. Results
None of the three Ni2+ ion concentrations used in the present study 
caused the death of exposed zebrafish. No micro-anatomical effect was 
observed since olfactory rosettes conserved their overall structure. In the 
lamellae, tissue disruption, metaplasia and gland modification were not 
noticed.
In sections stained with anti-calretinin antibody, which marks cell 
bodies and dendrites of both mature ciliated and microvillar OSNs, the 
epithelium of the olfactory lamellae is stained from the basal layer to the 
apical one (Fig. 1a). In the whole olfactory rosette, image analysis 
revealed that OD of control was statistically greater than OD of each Ni2
+ ion exposure, whereas, when the three concentrations were compared, 
ODs of LQ was statistically greater than OD of HQ (Fig. 1b). In the dorsal 
half of the olfactory rosette, LQ, MQ and HQ values were statistically 
smaller, but significantly smaller than control values (Fig. 1c). In the 
ventral half of the rosette, control values are equivalent to LQ ones, but 
statistically greater than MQ and HQ values. Moreover, LQ values are 
statistically greater than HQ ones (Fig. 1d). In image analysis, anti-
calretinin immunostaining can be used to evaluate other two 
morphometric parameters: epithelial thickness from the basal la-mina to 












< 25 < 0.5 14–21° 10 7.4–7.5
before fish insertion 
Acclimatization tanks,
after 24 h fish presence, 
before water change
< 25 < 0.5 14–21° 10 7.3–7.4
Control tanks,
new water,
< 25 < 0.5 14–21° 10 7.4–7.5
before fish insertion 
Control tanks,
after 24 h fish presence, 
before water change
< 25 < 0.5 14–21° 10 7.3–7.4
Exposure tanks,
new water,
< 25 < 0.5 14–21° 10 7.4–7.5
before fish insertion 
Exposure tanks,
after 24 h fish presence, 
before water change
< 25 < 0.5 14–21° 10 7.3–7.4
dH, degree of hardness; GH, general hardness; KH, carbonate hardness.
Table 1
Water parameters of acclimation, control, and Ni2+ exposure tanks.
epithelial areas. After exposure, in the whole olfactory rosette, the 
thickness of the sensory epithelium was significantly decreased com-
pared to control, but LQ, MQ and HQ values were not statistically 
different between each other (Fig. 2a). Both dorsal and ventral regions of 
the rosette showed control thickness to be significantly greater than that 
of LQ, MQ and HQ, whereas post-exposure values of all are sta-tistically 
similar (Fig. 2b and c). In the whole olfactory rosette, and in both its 
dorsal and ventral halves, no significant change in the ratio between 
sensory and non-sensory areas was observed between the four groups 
(Fig. 3a–c).
In the OE, anti-Gα olf antibody stained apical dendrite endings and 
cilia at the free surface of cOSNs (Fig. 4a). In the whole olfactory ro-
sette, the ODs of LQ, MQ and HQ were significantly smaller than those of 
control, but were statistically equivalent among them (Fig. 4b). The 
same condition was found in the dorsal half of the rosette (Fig. 4c). The 
ventral half differed from the dorsal half only in LQ values being sig-
nificantly smaller than HQ ones (Fig. 4d).
In the sections treated with anti-TRPC2 antibody, the im-
munopositivity was located in the dendritic apical knobs and microvilli 
of mOSNs (Fig. 5a). In the whole olfactory rosette as well as in both 
halves of the olfactory rosette, the OD value of control was significantly 
greater than the values of the three treated groups that were statisti-cally 
homogeneous when compared between each other (Fig. 5b– d).
Anti-TrkA immunostaining revealed crypt cells, which are big 
neurons irregularly distributed along the apical zone of the epithelium 
in the olfactory lamellae (Fig. 6a). The number of crypt cells showed no 
significant change in the four groups considering either the whole ol-
factory rosette or its dorsal and ventral halves (Fig.6b–d).
In the sensory areas of the olfactory lamellae treated with anti-HuC/
D antibody, which is specific for both mature and immature neurons, the 
olfactory epithelium appeared immunopositive from the basal layer to 
the apical one (Fig. 7a). In the whole rosette, image analysis showed that 
ODs of LQ, MQ and HQ were significantly increased compared to 
control, whereas the values for the three treated groups were statisti-
cally uniform (Fig. 7b). In the dorsal half of the olfactory rosette, the 
four groups were statistically equivalent (Fig. 7c), whereas in the ventral 
half of the rosette ODs of LQ, MQ and HQ were significantly greater than 
those of control, as found in the whole organ (Fig. 7d).
Statistical values for all comparisons are reported in supplementary
Table S1.
4. Discussion
Immunohistochemistry identifies three main populations of OSNs in 
the olfactory mucosa of zebrafish. The present study demonstrates that 
the three populations show differential response to low concentrations 
of Ni2+ ions.
In the whole olfactory rosette, Ni2+ induces a significant mean 
decrease in densitometric values for Gα olf, indicative for cOSNs, of about 
46 % compared to control. When compared to each other, the reactions 
of cOSNs to the three tested concentrations are not statisti-cally different 
showing that the response of cOSNs is not concentration-dependent, at 
least for the three concentrations used in the present analysis. When the 
dorsal and ventral halves of the olfactory rosette are separately 
examined, Ni2+ exposure affects both of them. However, the ventral half 
shows a greater reduction compared to control than the dorsal half. By 
comparing these values, we may suppose that in the ventral region of the 
olfactory rosette cOSNs are more susceptible to Ni2+ ions than those in 
the dorsal one. Moreover, in the ventral half, a concentration-dependent 
response is present between 0.1 mg L−1 and 1mg L−1 Ni2+. Nickel 
concentrations lower than 0.1 mg L−1 would be useful to study, if a 
concentration-dependency exists also for popula-tions which appear 
concentration-independent at the lower con-centration used in this 
study. The reasons and functional significance of this different response 
are still unclear, but we may hypothesize that subtypes of cOSNs are 
present in the dorsal and ventral halves of the olfactory rosette. As an 
alternative, the different sensitivity observed could depend on different 
water circulation dynamics in the dorsal and ventral part of the rosette. 
A more intense flow in the ventral region could expose ventral receptors 
to a greater amount of toxicant.
In Ni2+-treated zebrafish, apical processes immunostained by anti-
TRPC2, indicative for mOSNs, are visible on the surface of the olfactory 
epithelium. Considering the whole olfactory rosette, the densitometric 
value for anti-TRPC2 shows a statistically significant decrease of about 
35% compared to the control. As for cOSNs, no concentration-effect of 
Ni2+ was detected for mOSNs. When dorsal and ventral zones of the 
olfactory rosette were separately considered, the response for TRPC2 
was greater in the ventral half, similarly to what observed for Gα olf.
Fig. 1. Calretinin immunohistochemistry in 
zebrafish olfactory epithelium before and after 
0.1, 0.5, and 1 mg L−1 Ni2+ exposure. A) Heavy 
anti-calretinin immunoreaction is pre-sent in 
the sensory area (S) of the olfactory lamellae of 
control fish. The non-sensory re-gion (NS) of 
the lamellae is unstained. Scale bar: 50 μm. B) 
Optical density analysis of the olfactory 
epithelium in the olfactory rosette. C) Optical 
density analysis of the olfactory epi-thelium 
covering lamellae in the dorsal half of the 
olfactory rosette. D) Optical density ana-lysis of 
the olfactory epithelium in the lamellae of the 
ventral portion of the olfactory rosette. C, 
control, 0 mg L−1 Ni2+; LQ, low quantity, 0.1 
mg L−1 Ni2+; MQ, medium quantity, 0.5 mg L
−1 Ni2+; HQ, high quantity, 1 mg L−1 Ni2+. 
Asterisks indicate significant differences: *P < 
0.05; **P < 0.01.
Fig. 2. Calretinin immunohistochemistry in zebrafish olfactory epithelium be-
fore and after 0.1, 0.5, and 1 mg L−1 Ni2+ exposure. A) Sensory epithelium 
thickness in the lamellae of the olfactory rosette. B) Sensory epithelium thick-
ness in the lamellae of the dorsal zone of the olfactory rosette. C) Sensory 
epithelium thickness in the lamellae of the ventral zone of the olfactory rosette. 
C, control, 0 mg L−1 Ni2+; LQ, low quantity, 0.1 mg L−1 Ni2+; MQ, medium 
quantity, 0.5 mg L−1 Ni2+; HQ, high quantity, 1 mg L−1 Ni2+. Asterisks in-
dicate significant differences: **P < 0.01.
However, both halves lack a concentration-effect. The ODs for Gα olf and 
TRPC2 suggest that cOSNs are more susceptible to Ni2+ exposure than 
mOSNs. Using a functional approach by electro-olfactograms (EOG), 
Dew et al. (2014) reported that exposure of fathead minnows 
(Pimephales promelas) and yellow perch (Perca flavescens) to copper or 
nickel resulted in differential impairment of OSN classes. However, their 
data are not in line with the results of the present and a previous 
histochemical study on zebrafish (Lazzari et al., 2017). Using the spe-
cificity of L-alanine to mOSNs and taurocholic acid (TCA) to cOSNs, Dew 
et al. (2014) reported that in both species nickel (50, 100, or 500 μg L−1 
of Ni2+) caused impairment of mOSN but had no effect on cOSNs. On 
the contrary, low Cu2+ concentrations affected only cOSNs.
Fig. 3. Calretinin immunohistochemistry in zebrafish olfactory epithelium be-
fore and after 0.1, 0.5, and 1 mg L−1 Ni2+ exposure. A) Ratio between sensory 
and non-sensory areas of the epithelium overlaying the lamellae in the olfactory 
rosette. B) Ratio between sensory and non-sensory areas of the epithelium 
covering the lamellae in the dorsal half of the olfactory rosette. C) Ratio be-
tween non-sensory and sensory areas of the epithelium covering the lamellae 
placed in the ventral half of the olfactory rosette. C, control, 0 mg L−1 Ni2+; LQ, 
low quantity, 0.1 mg L−1 Ni2+; MQ, medium quantity, 0.5 mg L−1 Ni2+; HQ, 
high quantity, 1 mg L−1 Ni2+.
Our results in zebrafish contradict EOG outcomes. Nonetheless, also 
EOG studies show some discrepancies between each other. In fact, in 
previous electro-olfactographic studies on coho salmon (Oncorhynchus 
kisutch), copper impaired the response to TCA but also to L-serine 
(Baldwin et al., 2003; Sandahl et al., 2007). As pointed out by Dew et al., 
(2012), Dew et al., (2014), it has to be considered that different 
technical strategies, exposure times, ion concentrations, water chem-
istry, and inherent differences among species could account for the 
differences in electrophysiological studies.
The effect of metals on the different OSN populations of fish was also 
studied by histological techniques. Kolmakov et al. (2009) reported the 
specific activity of copper on cOSNs of goldfish. In an im-
munohistochemical study on olfactory rosettes of zebrafish (Lazzari et 
al., 2017), we found that low concentration of Cu2+ affected both cOSNs 
and mOSNs but to different extent. We reported that the OD for Gα olf 
decreased by about 60% compared to control, whereas the OD for 
TRPC2 decreased by about 30%. Therefore, in our im-
munohistochemical study, cOSNs appear more susceptible, about twice 
as sensitive, to Cu2+ than mOSNs. In the present study, Ni2+ exposure 
resulted in a mean reduction in Gα olf OD by about 46% compared to 
control, whereas the TRPC2 OD decreased by about 35%. The present 
and previous immunohistochemical studies on zebrafish (Lazzari et al.,
2017) do not support a specific activity of copper on cOSNs and of nickel 
on mOSNs, as reported by Dew et al. (2014) in fathead minnow and 
yellow perch. In zebrafish, we found that both Cu2+ and Ni2+ exposures 
affect cOSNs and mOSNs, and these metals have greater ef-fects on 
cOSNs (Lazzari et al., 2017 and the present study).
Since densitometric analysis reveals a decrement in immunostaining 
intensity only at the level of the apical processes of OSNs, this may 
represent an indirect evidence of the reduction in the number of OSNs, 
and consequently be suggestive of cell death. However, both a reduc-
tion in the number of apical processes and a drop in the expression of the 
stained proteins may account for OD decrement. In a scanning electron 
microscopy study on the ultrastructure of the apical surface of zebrafish 
olfactory epithelium, Ghosh and Mandal (2014) found that
Fig. 4. Gα olf immunohistochemistry in zebra-
fish olfactory epithelium before and after 0.1, 
0.5, and 1 mg L−1 Ni2+ treatment. A) In the 
olfactory lamellae of control fish, the receptor 
cell knobs located in the superficial zone of the 
sensory epithelium show different Gα olf im-
munostaining intensity. Scale bar: 50 μm. B) 
Optical density analysis of the olfactory epi-
thelium surface in the whole olfactory rosette. 
C) Optical density analysis of the olfactory 
epithelium surface in the lamellae of the dorsal 
region of the olfactory rosette. D) Optical 
density analysis of the sensory epithelial sur-
face in the lamellae of the ventral zone of the 
olfactory rosette. C, control, 0 mg L−1 Ni2+; LQ, 
low quantity, 0.1 mg L−1 Ni2+; MQ, medium 
quantity, 0.5 mg L−1 Ni2+; HQ, high quantity, 
1 mg L−1 Ni2+. Asterisks indicate significant 
differences: *P < 0.05; **P < 0.01.
Fig. 5. TRPC2 immunohistochemistry in zeb-
rafish olfactory epithelium before and after 0.1, 
0.5, and 1 mg L−1 Ni2+ exposure. A) In the 
sensory areas of the olfactory lamellae of con-
trol fish, the apical region of the olfactory 
epithelium contains the receptor cell endings, 
which are stained by anti-TRPC2 antibody. 
Scale bar: 50 μm. B) Optical density analysis of 
the olfactory epithelium surface in the whole 
olfactory rosette. C) Optical density analysis of 
the olfactory epithelium surface in the lamellae 
of the dorsal half of the olfactory rosette. D) 
Optical density analysis of the olfactory epi-
thelium surface in the lamellae of the ventral 
half of the olfactory rosette. C, control, 0mg L
−1 Ni2+; LQ, low quantity, 0.1 mg L−1 Ni2+; 
MQ, medium quantity, 0.5 mg L−1 Ni2+; HQ, 
high quantity, 1 mg L−1 Ni2+. Asterisks 
indicate significant differences: **P < 0.01.
Zn2+ exposure led to the loss of cilia, similarly to Cu2+ exposure 
(Kolmakov et al., 2009), with the retention of microvilli. However, at 
present, ultrastructural studies on fish olfactory epithelium exposed to 
Ni2+ ions are absent. This kind of studies might reveal, whether ion 
exposure results in OSN death rather than cilia and/or microvilli re-
duction. In our histological test, cilia are still clear in the apical surface 
of the exposed olfactory epithelium. Therefore, a reduction in Gα olf and 
TRPC2 expressions may be supposed. According to Tilton et al., (2008), 
Tilton et al., (2011) and Wang et al. (2013b), Cu2+ exposure could 
result in a decrease in antigen expression without morphology altera-
tion and death of OSNs. However, our morphometric analysis revealed a 
reduction in epithelial thickness, so we hypothesize that the
differences in the OD values following Ni2+ exposure could be more 
likely related to cell death, as we suggested also for Cu2+ exposure 
(Lazzari et al., 2017).
Crypt cells are an additional cell population of OSNs present in the 
olfactory epithelium of fish (Ferrando et al., 2006; Gayoso et al., 2011, 
2012; Hansen and Finger, 2000; Hansen and Zeiske, 1998; Lazzari et al., 
2007). S100 was the molecular marker initially used in the his-
tochemical identification of crypt cells (Braubach et al., 2012; Germanà 
et al., 2004; Sato et al., 2005). However, S100 can immunodetect other 
cell types in addition to crypt cells (Bettini et al., 2017; Germanà et al., 
2004; Oka et al., 2012; Sato et al., 2005). Therefore, S100 is now 
considered non-specific (Ahuja et al., 2013; Bettini et al., 2017). TrkA,
Fig. 6. TrkA immunohistochemistry in zebra-
fish olfactory epithelium before and after 0.1, 
0.5, and 1 mg L−1 Ni2+ treatment. A) In ol-
factory lamellae of control fish, im-
munostained crypt cells appear in the super-
ficial layer of the sensory area. Scale bar: 50 
μm. B) Density of crypt cells in lamellae of the 
whole olfactory rosette. C) Density of crypt cells 
in lamellae of the dorsal zone of the ol-factory 
rosette. D) Density of crypt cells in la-mellae of 
the ventral zone of the olfactory ro-sette. C, 
control, 0 mg L−1 Ni2+; LQ, low quantity, 0.1 
mg L−1 Ni2+; MQ, medium quantity, 0.5 mg L
−1 Ni2+; HQ, high quantity, 1mg L−1 Ni2+.
Fig. 7. HuC/D immunohistochemistry in zeb-
rafish olfactory epithelium before and after 0.1, 
0.5, and 1 mg L−1 Ni2+ treatment. A) In control 
fish, all the neurons located in the sensory 
regions of the olfactory lamellae show clear 
immunopositive cell bodies. Scale bar: 50 μm. 
B) Optical density analysis of the ol-factory 
epithelium covering lamellae in the olfactory 
rosette. C) Optical density analysis of the 
olfactory epithelium in the dorsal half of the 
olfactory rosette. D) Optical density ana-lysis of 
the olfactory epithelium in the ventral half of 
the olfactory rosette. C, control, 0mg L−1 Ni2+; 
LQ, low quantity, 0.1 mg L−1 Ni2+; MQ, 
medium quantity, 0.5 mg L−1 Ni2+; HQ, high 
quantity, 1 mg L−1 Ni2+. Asterisks indicate 
significant differences: **P < 0.01.
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5. Conclusions
The different markers used in this immunohistochemical study 
provide convergent results on the reaction of zebrafish OSNs to Ni2+ 
exposure. In particular, the present analysis shows that the different 
classes of OSNs have different responses to nickel ion exposure at 
sublethal concentrations. Ciliated OSNs appear the most sensitive with 
some concentration-dependent effects. Microvillous OSNs show weaker 
reaction without concentration-dependent effects in the range of con-
centration utilized. Crypt cells show no statistically significant mod-
ification after Ni2+ exposure. Other studies focused on specific metal 
ions suggested cOSNs as more susceptible than mOSNs (Dew et al., 
2014; Ghosh and Mandal, 2014; Kolmakov et al., 2009; Lazzari et al., 
2017; present study).
In the ventral half of the olfactory rosette, olfactory lamellae appear 
more susceptible to metal than dorsal lamellae. Differences in the ac-
tivities of olfactory receptors may account for this diversity and are 
under investigation. Alsop and Wood (2011), Alsop and Wood (2013) 
proposed that the toxicity following metal exposure is the result of total 
ion loss, especially Na+, rather than the disruption of ion uptake, as 
previously suggested. Several studies ascribed different functions to 
cOSNs, mOSNs and crypt cells (Ahuja et al., 2013; Bazáes and 
Schmachtenberg, 2012; Biechl et al., 2016; Hamdani and Døving, 2006; 
Sato and Suzuki, 2001; Vielma et al., 2008). Other studies pointed out 
behavioral effects of metal exposure: most of them focused on Cu2+ (da 
Silva Acosta et al., 2016; Poulsen et al., 2014; Scott and Sloman, 2004; 
Simonato et al., 2016; Sovová et al., 2014; Svecevičius, 2012; Tilton et 
al., 2011), few on Ni2+ (Dew et al., 2014, Dew et al., 2016).
Immunohistochemical results provide novel information on changes 
in OSN composition and/or molecular marker expression. However, to 
understand how the overall olfactory sensing is affected, additional 
studies with electrophysiological measurements and behavioral tests 
will address the effect of nickel pollution on fish olfaction. It would also 
be worth considering the possibility that long exposures to sublethal 
concentrations may also have effects on other cells involved in sensory 
integration and final response to stimuli. Moreover, at present, no 
substance has been recognized as specific activator of crypt cells, making 
the experimental set up for this kind of studies not straight-forward.
Further histochemical, electrophysiological and behavioral studies 
on fish olfaction will be fundamental to understand how the con-
tamination of aquatic systems affects fish populations resulting in po-
pulation decline with environmental and socio-economic outcomes.
originally used by Catania et al. (2003), has proven to be a strong and 
specific marker for crypt cells in zebrafish (Ahuja et al., 2013; Bettini et 
al., 2016). Therefore, in our studies on the effect of heavy metals on 
zebrafish olfaction (Lazzari et al., 2017 and the present study), we 
employed anti-TrkA to detect crypt cells. The effect of Ni2+ exposure on 
crypt cells resembles that observed following Cu2+ treatment (Lazzari et 
al., 2017). Although in both studies cell count could have drawn 
attention to a possible increment in crypt cell population after metal 
exposure, statistical analysis does not support it, neither compared to 
control, nor when the comparison is done between the different tested 
ion concentrations. Therefore, we can conclude that Cu2+ and Ni2+ 
exposures do not seem to affect crypt cells (Lazzari et al., 2017 and the 
present study). The specific morphology of crypt cells can explain this 
result (Lazzari et al., 2007). In cOSNs and mOSNs, cilia and microvilli 
originating from the dendritic apical region of the sensory neurons are 
directly exposed to the outer aquatic environment at the surface of the 
olfactory lamellae. This may increase susceptibility of cilia and micro-
villi to water contaminants. In crypt cells both cilia and microvilli are 
present, but they are not directly exposed to surrounding water. In-
stead, they are contained in a deep cavity located in the apical region of 
the cell. This crypt opens to the outer environment through a narrow 
hole, allowing for a limited passage of substances, including metal ions. 
In crypt cells, this position of cilia and flagella, enclosed in the crypt, 
may account for their protection.
In the OE of vertebrates, mitotic proliferation and subsequent cell 
differentiation occur throughout the life in order to substitute dead 
OSNs (Bettini et al., 2006a; Graziadei and Monti Graziadei, 1979).  In 
the physiological state, mature OSNs downregulate proliferation and 
differentiation of new sensory cells to maintain their population size at a 
stable level (Wu et al., 2003). Following Ni2+ exposure, the increase in 
the OD for HuC/D, indicative for total neuronal population including 
undifferentiated neurons, together with the observed reduction in the 
OD for Gα olf and TRPC2, seems to confirm that a certain degree of cell 
death takes place in the populations of mature OSNs with concomitant 
growth in the number of immature neurons. Statistical analysis shows 
that the increase in HuC/D OD is not dependent on metal ion con-
centration. When dorsal and ventral halves of the olfactory rosettes are 
separately considered, participation of undifferentiated neurons ap-
pears statistically significant in the ventral region. This is in agreement 
with the observation that Ni2+ exposure causes a greater reduction in 
both anti-Gα olf and anti-TRPC2 ODs in the ventral region compared to 
the dorsal half. This confirms that undifferentiated neurons responsible 
for neuronal restoration in the olfactory epithelium are present in the 
ventral portion of the olfactory rosette, the region where damage ap-
pears greater.
In our study on zebrafish olfactory organ, Ni2+ exposure does not 
cause other recognizable effects in addition to those revealed by image 
analysis. In particular, during exposure time, no fish died, confirming 
the sub-lethal nature of the tested concentrations. Swimming and 
feeding behaviors appeared unchanged. The olfactory rosettes and la-
mellae conserved their structure, in agreement with the results of pre-
vious studies on the effects of 30 μg L−1 Cu2+ in zebrafish (Lazzari et al., 
2017) and 20 μg L−1 Cu2+ in Tilapia mariae (Bettini et al., 2006b). On 
the contrary, 40 μg L−1 Cu2+ caused clear alterations in the olfactory 
epithelium of Tilapia (Bettini et al., 2006b). Ultrastructural studies have 
revealed Cu2+-dependent alterations also in goldfish OSNs (Kolmakov et 
al., 2009). However, at present, there is no information on the 
ultrastructural reaction of cOSNs and mOSNs after Ni2+ ex-posure. New 
ultrastructural studies could provide useful information to explain 
whether Ni2+ exposure results in cell death and/or in loss of cilia and 
microvilli.
In the present study, the reduction in the OD for calretinin (marker 
for a heterogeneous population of mature c- and mOSNs) is in agree-
ment with the decrease in the ODs for Gα olf and TRPC2. In particular, 
when the dorsal and ventral halves of the olfactory rosette are sepa-
rately considered, the latter shows a greater calretinin OD reduction
and a concentration-dependent effect consistent with Gα olf behavior.
In the olfactory epithelium, OSNs are associated with non-neuronal 
cells. The effects of Cu2+ exposure on these non-neuronal cells are 
considered to be lower than the effects on OSNs (Julliard et al., 1993, 
1996; Moran et al., 1992). At present, there is no evidence on the re-
sponse of fish non-neuronal cells to Ni2+ exposure. However, the re-
duction in epithelial thickness more likely depends on the decline in the 
number of c- and mOSNs.
In a previous immunohistochemical study on zebrafish, exposure to 
30 μg  L−1 Cu2+ caused an increase in the sensory area compared to 
control (Lazzari et al., 2017). The increase was faster in the lamellae of 
the ventral half of the olfactory rosette and corresponded to histological 
recovery of the olfactory epithelium. This increase of the sensory area 
appears to be related to functional recovery, as suggested by behavioral 
and electrophysiological analysis after Cu2+ exposure in two different 
species, Colorado pikeminnow (Ptychocheilus lucius) (Beyers and 
Farmer, 2001) and fathead minnow (Pimephales promelas) (Dew et al., 
2012). We did not observe any increase in the sensory area of zebrafish 
during Ni2+ treatment. However, new, dedicated studies could address 
neuronal recovery after Ni2+ exposure.
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